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Abstract

Sensory systems provide organisms with information on the current status of the environment, thus enabling adaptive behavior.
The neural mechanisms by which sensory information is exploited for action selection are typically studied with mammalian sub-
jects performing perceptual decision-making tasks, and most of what is known about these mechanisms at the single-neuron level
is derived from cortical recordings in behaving monkeys. To explore the generality of neural mechanisms underlying perceptual
decision making across species, we recorded single-neuron activity in the pigeon nidopallium caudolaterale (NCL), a non-lami-
nated associative forebrain structure thought to be functionally equivalent to mammalian prefrontal cortex, while subjects per-
formed a visual categorisation task. We found that, whereas the majority of NCL neurons unspecifically upregulated or
downregulated activity during stimulus presentation, ~20% of neurons exhibited differential activity for the sample stimuli and pre-
dicted upcoming choices. Moreover, neural activity in these neurons was ramping up during stimulus presentation and remained
elevated until a choice was initiated, a response pattern similar to that found in monkey prefrontal and parietal cortices in saccad-
ic choice tasks. In addition, many NCL neurons coded for movement direction during choice execution and differentiated between
choice outcomes (reward and punishment). Taken together, our results implicate the NCL in the selection and execution of oper-
ant responses, an interpretation resonating well with the results of previous lesion studies. The resemblance of the response pat-
terns of NCL neurons to those observed in mammalian cortex suggests that, despite differing neural architectures, mechanisms
for perceptual decision making are similar across classes of vertebrates.

Introduction

Sensory systems provide organisms with information on the current
status of environmental variables to enable adaptive behavior. In
laboratory settings, the process by which sensory information is
harnessed to decide on a course of action (perceptual decision
making) is studied employing psychophysical tasks. Importantly,
perceptual decision making entails not only sensory processing, but
also taps non-sensory factors such as motivation (St€uttgen et al.,
2011a). Signal detection theory (Green & Swets, 1988) and
sequential analysis (Gold & Shadlen, 2002) provide quantitative
descriptions of the processes underlying the formation of percep-
tual decisions and can be extended to include the influence of
non-sensory factors such as response bias and reinforcement con-
tingency (Boneau & Cole, 1967; Alsop, 1998; St€uttgen et al.,
2011b, 2013). Accordingly, neural correlates of perceptual deci-
sions are found not only in sensory areas but also in associative

and premotor structures such as the parietal and frontal cortices
(Kim & Shadlen, 1999; Shadlen & Newsome, 2001; Feierstein
et al., 2006).
Although the avian brain is devoid of a laminated cortex, compar-

ative anatomical research in the past decades has revealed that the
pallium, which comprises most of the avian telencephalon, is homol-
ogous to the mammalian cortex (Reiner et al., 2005). Moreover,
some pallial structures seem to support cognitive abilities that are on
a par with those of mammals (Striedter, 2013). In particular, the nid-
opallium caudolaterale (NCL) constitutes an associative forebrain
structure that is thought to be functionally analogous to the mamma-
lian prefrontal cortex (PFC). Similar to the PFC, the NCL receives
projections from all secondary sensory areas, is innervated by dopa-
minergic midbrain neurons, and directs its output to premotor struc-
tures (G€unt€urk€un, 2005). Similar to the effects of damage to the
PFC, lesions of the NCL impair performance in delayed alternation
(Mogensen & Divac, 1982, 1993), go/no-go (G€unt€urk€un, 1997), and
working memory (Diekamp et al., 2002a) tasks, and these effects
cannot simply be ascribed to visual discrimination deficits (Mogen-
sen & Divac, 1982, 1993; Hartmann & G€unt€urk€un, 1998) or
impaired visuomotor performance (Helduser & G€unt€urk€un, 2012).
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Furthermore, single-neuron recording studies have revealed that
NCL neurons respond to conditioned stimuli predicting reward (Kalt
et al., 1999; Kirsch et al., 2009) and fire during the delay phase in
working memory tasks (Diekamp et al., 2002b; Browning et al.,
2011), resembling PFC response patterns (Fuster, 1973; Thorpe
et al., 1983).
In view of these findings, we hypothesised that the NCL partici-

pates in the translation of sensory information to goal-directed
behavior, as is required for perceptual decisions. We subjected
pigeons to a psychophysical single-interval forced-choice task
resembling paradigms previously employed with monkeys (New-
some et al., 1989; De Lafuente & Romo, 2005) and rats (Krupa
et al., 2001; Brunton et al., 2013; Zariwala et al., 2013) to examine
the role of the NCL in perceptual decision making. The similarity of
the psychophysical tasks allowed us to compare neural responses in
the NCL with those observed in the mammalian cortex to examine
the degree to which neural correlates of decision making are shared
by different classes of vertebrates.

Materials and methods

Subjects

Eight homing pigeons (Columba livia forma domestica) served as
experimental subjects. The birds were obtained from local breeders,
raised in the institute’s own aviary, and housed individually in wire-
mesh cages inside a colony room (12 h light/dark cycle, lights off at
20:00 h). Water was available ad libitum. On workdays, access to
food was restricted to testing periods in the experimental chamber;
on weekends, food was available in the home cages. Pigeons were
maintained close to 85% of their free-feeding weight. Subjects were
treated according to the German guidelines for the care and use of
animals in science, and all procedures were approved by a national
ethics committee of the State of North Rhine–Westphalia, Germany
and were in accordance with the European Communities Council
Directive 86/609/EEC regarding the care and use of animals for
experimental procedures.

Apparatus and procedure

Testing was conducted in an operant chamber measuring
34 9 34 9 50 cm. The back wall of the chamber featured three
horizontally arranged rectangular translucent response keys
(4 9 4 cm, bottom height from the floor 17 cm) coupled to electric
switches. An LCD flat screen, mounted against the back wall of the
chamber, was used for stimulus presentation. Effective key pecks
produced feedback clicks. Grain food could be delivered through a
food hopper located below the center key. The experimental cham-
ber was positioned in a sound-attenuating cubicle. White noise
(approximately 80 dB) was constantly present. The hardware was
controlled by custom-written Matlab code (The Mathworks, Natick,
MA, USA) (Rose et al., 2008).
Pigeons performed a single-interval forced-choice task which is

sketched in Fig. 1A. Sample stimuli were six uniform gray rectangles
that were visible through the center key. The grayscale values
employed were 130, 150, 170, 190, 210, and 230 [the display’s range
extended from 0 to 255; the category boundary (180) roughly corre-
sponded to an illuminance of 54 lux; see six squares on the right of
the panel]. Three stimuli with grayscale values < 180 were assigned
to category C1 or ‘dark’, and three stimuli with grayscale values
> 180 were assigned to category C2 or ‘bright’. After an intertrial
interval (ITI) of 3 s, the center key was illuminated green. If the ani-
mal initialised the trial by pecking once within 5 s, one of the six
sample stimuli was presented for 1 s on the same key. Immediately
after sample stimulus offset, the center key was again transilluminated
green. Another single key peck turned off the center key and activated
the side (choice) keys (also transilluminated green). The animals’ task
was to respond to the right choice key after one of the three dark (C1)
stimuli had been presented, and to respond to the left choice key after
one of the three bright (C2) stimuli had been presented. Following a
correct response, food was delivered on a fraction of trials (ranging
from 0.4 to 0.8 across sessions) after a delay of 1, 2, or 3 s (occurring
with a probability of 0.5, 0.33, and 0.17, respectively). The food hop-
per was illuminated from the start of the delay period to the end of
the 1.75 s food presentation. On the remaining fraction of trials, the
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Fig. 1. Behavioral results. (A) Schematic outline of the behavioral task. Horizontally arranged squares represent the three response keys. Time ranges denote
the minimum and maximum duration of each phase of the task. The trial was aborted if the animal did not respond before the maximum duration of a task
elapsed. The six vertically arranged squares on the right show the grayscale stimuli that the pigeons had to categorise. See Materials and methods for further
details. (B) Mean number of key pecks during the sample phase as a function of stimulus identity, plotted separately for the six different subjects (color-coded).
Bold black lines indicate means and SDs across all birds and sessions. (C) As in (B), but normalised by subtracting the mean response level in each session.
(D) Kendall’s s correlation between the number of key pecks emitted to a certain stimulus and the identity of that stimulus (coded as ordinal values from 1 to
6). Black bars, all sessions; gray bars, sessions with statistically significant s values only.
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food hopper was illuminated for 4.75 s without accompanying food
hopper activation (‘food omission’). Following an incorrect response,
houselights were turned off for 2 s (‘punishment’). In most sessions
(for 66 out of 75 units), food was occasionally presented between two
ITIs without any response requirement (henceforth dubbed ‘free
food’). Presentation of free food occurred, on average, after every
24th trial (i.e. 25 times per session of 600 trials).

Surgery

After reaching asymptotic task performance, six animals were
implanted with custom-built microdrives. Pigeons were anesthetised
with isoflurane supplemented by an injection of butorphanol (3 mg
in 3 ml solution), and placed in a stereotaxic apparatus. The skin
overlying the skull was incised and pulled sideways. Stainless steel
microscrews were placed on the skull to anchor the dental cement
head mount. One screw served as ground for electrophysiological
recordings. A small trepanation was made in the skull overlying the
left or right NCL. Electrodes were targeted to the coordinates AP –
5.5, ML �7.0 mm and implanted just below the brain surface. The
microdrive was fastened to the skull with dental cement. Animals
received an injection of analgesics (Carprofen, 10 mg/kg) for 3 days
following surgery and were allowed to recover for a minimum of
2 weeks before testing.

Electrophysiology

The materials and recording procedures have been described in
detail elsewhere (Starosta et al., 2013, 2014). Briefly, neural signals
were picked up by eight formvar-insulated nichrome wires (25 lm
o.d., impedance ~0.5 MO) (Stablohm 675, California Fine Wire,
Grover Beach, USA) connected to microplugs (Ginder Scientific,
Nepean, CA, USA) housed in a custom-built microdrive implant
(Bilkey & Muir, 1999; Bilkey et al., 2003), passed through a cus-
tom-built headstage with unity gain, amplified 1000 9 and band-
pass-filtered from 0.5 to 5 kHz online by a difference amplifier
(DPA-2FS, npi electronic GmbH, Germany), and digitised using an
analog-to-digital converter (power 1401, Cambridge Electronic
Design, Cambridge, UK) with sampling rates of 16–20 kHz. The
raw data were stored with Spike2 Version 7 (Cambridge Electronic
Design). All channels were digitally bandpass-filtered from 0.5 to
5 kHz. Spikes were extracted by amplitude thresholds and sorted
manually in Spike2 using principal component analysis in combina-
tion with custom-written Matlab code. The signal-to-noise-ratio was
computed as the peak-to-peak amplitude of the average waveform,
divided by the trimmed width of the noise band (distance between
the 2.5th and 97.5th percentile of noise amplitude values). By that
criterion, the signal-to-noise-ratios of our units ranged from 1.4 to
5.7 (median, 2.3). Assuming normal distributions, this corresponded
to 5.6–22.8 SDs distance of maxima and minima. None of the 75
units that entered the final data set displayed interspike intervals of
less than 1 ms. Particular care was taken to identify and exclude
artifacts resulting from key pecking (i) by inspecting raw waveform
traces and (ii) by examining each unit’s peri-peck time histogram
(PPTH), i.e. a peri-stimulus time histogram triggered on individual
key pecks, for conspicuous waveforms and peaks near time point 0.

Histology

After completion of the experiments, pigeons were deeply anaesthe-
tised with Equithesin (4.5–5.5 mL/kg body weight) and perfused
intracardially with 0.9% saline followed by 4% paraformaldehyde.

Brains were removed, sectioned at 40 lm, and every fifth slice was
stained with cresyl violet. The point of largest expansion of the can-
nula track was used to estimate the position of the recording sites
along the anterior–posterior and mediolateral axes.

Data analysis

The spontaneous firing rate was calculated over the last 2 s of the
ITI, i.e. the time before the initialisation stimulus appeared. Spike-
density functions were constructed by convolving peri-stimulus time
histograms of 1 ms temporal resolution with an exponentially modi-
fied Gaussian kernel with an SD of 100 ms and a time constant of
100 ms.
The spike count differences for two samples were expressed as

the area under the receiver operating characteristic curve (AU-
ROC). The AUROC reveals how much information a neuron con-
tains about which of two conditions is actually presented to an
ideal observer, who only knows the total spike count. A value of
0.5 signifies complete overlap of the two distributions, whereas
values of 0 or 1 denote their complete separability. When more
than two samples of spike counts were compared, we used g2 as
a measure of effect size (see Hentschke & St€uttgen, 2011). g2

ranges from 0 to 1 and denotes the fraction of the total variance
that is explained by the variance of the means of the distributions,
i.e. g2 = SSbetween/SStotal, where SSbetween represents the sum of
squared deviations between groups and SStotal represents the over-
all sum of squares. Put simply, this effect size measure illustrates
how much of the total variance is due to there being different
groups. Here, we will designate its magnitude as ‘small’ for values
< 0.1, ‘moderate’ for 0.1 < g2<0.2, and ‘large’ for values > 0.3
(also see Cohen, 1992).
To check for premotor activity, we compared spike counts in the

time window from –130 to –65 ms with spike counts in the time
window from –65 to 0 ms relative to the first key peck to the initial-
isation stimulus. These values were chosen because previous work
has shown that the time interval from pecking key fixation until the
beak contacts the key encompasses roughly 65 ms (Zeigler et al.,
1980; Goodale, 1983). Minor modifications of these time spans had
little effect on the results.
To test for the motor-related modulation of firing rate during

sample presentation, we constructed PPTHs, i.e. peri-stimulus time
histograms triggered to all key pecks that occurred within 100–
900 ms of the sample phase. We subdivided spike counts within
� 100 ms of each key peck into four bins of 50 ms each and
used the non-parametric Chi-squared test to detect any upregulation
or downregulation of firing rate in that time window (deviation
from a uniform distribution). Key pecks occurring within 50 ms
after previous pecks were excluded from the analysis as these were
too fast to constitute genuine key pecks and instead may reflect
either mechanical bouncing of the response key or successive
upper and lower beak contacts (Blough, 1963; Jenkins & Moore,
1973; Goodale, 1983).
The extent to which neural responses during the sample phase

predicted upcoming choices was quantified with a predictive index
(PI) computed in an analogous manner to Shadlen & Newsome
(2001). Spike counts during 250 ms epochs were compared for pairs
of stimuli located equally far from the category boundary (i.e. S1
vs. S6, S2 vs. S5, and S3 vs. S4) using AUROC, and this analysis
was repeated with sliding windows moved in steps of 50 ms. Only
data from correct trials were used. The PI thus captured how well
an ideal observer can predict the upcoming choice response on the
basis of spike counts alone.
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Because of the low firing rates of NCL neurons, spike count dis-
tributions were heavily skewed, advising against the use of paramet-
ric statistical procedures. Accordingly, spike count distributions were
compared using the non-parametric Wilcoxon rank-sum test for two
independent samples, the Wilcoxon signed-rank test for two depen-
dent samples and the Kruskal–Wallis test for more than two sam-
ples. Behavioral data (key pecking) were analysed using the non-
parametric Friedman test with g2 as a measure of effect size. All
analyses were conducted in MATLAB R2012A (The Mathworks).

Results

Behavior

We recorded 75 single neurons from six animals over 38 behavioral
sessions. Of these, 49 and 26 neurons were located in the left and
right hemispheres, respectively. On average, animals performed 459
trials per session (range 112–596). As animals were overtrained on
the choice task before electrode implantation, performance during
the recording sessions was high throughout (mean 84% correct
responses, range 68–92%). Animals were mostly unbiased towards
either choice key (mean 51% left responses, range 36–67%). Ani-
mals experienced an average of 184 food rewards per session (range
32–371), as well as 169 food omissions (range 42–326), and 67
punishments (range 22–122). During the 1 s of sample presentation,
all animals pecked at the central response key in nearly all of the tri-
als, despite the fact that key pecks during this phase were inconse-
quential. The number of key pecks directed onto the center key was,
on average, very similar across stimuli, ranging from 3.0 to 3.3 key
pecks (P = 0.33, Friedman test; g2 = 0.03, bootstrapped 95% confi-
dence interval 0.005–0.092, computed across all sessions and ani-
mals; Fig. 1B). However, inspection of behavior within individual
sessions revealed that the pecking rate was indeed affected by stimu-
lus identity; in 25 out of 37 sessions, pecking rates differed signifi-
cantly across stimuli (P < 0.05, Kruskal–Wallis test). However, the
absolute magnitude of these differences was rather moderate (med-
ian SD of normalised pecking rates, 0.22 pecks) (see Fig. 1C). Indi-
vidual animals tended to exhibit a largely consistent bias for
enhanced responding for either bright or dark stimuli [three birds
preferred dark and three birds preferred bright, expressed as the s
correlation between stimulus number (1, darkest; 6, brightest) and
the average number of key pecks] (see Fig. 1D).

Electrophysiology

In the following, we will present neural response patterns separately
for each of the three phases of the behavioral task. For each phase,
neural activity was first compared with baseline firing (estimated
from sampling during the ITI); subsequently, neural responses were
compared across different stimuli or events within a given task
phase.

Sample phase

In the sample phase, animals were confronted with six different
stimuli and had to form their decision whether to subsequently
respond to the left or right choice key (cf. Fig. 1). A total of 60/75
neurons (80%) displayed overall changes in firing rate during this
phase compared with baseline activity (P < 0.05, rank-sum test). Of
these 60 neurons, the large majority (43) decreased firing. Figure 2A
and B shows the spike-density functions of two example neurons
with increased (Fig. 2A) and decreased (Fig. 2B) spiking activity

during the sample phase (Fig. 2a1, a2, and b1, b2, respectively),
along with their corresponding PPTHs (Fig. 2a3 and b3). The
neuron in Fig. 2A displayed a clear modulation of firing rate relative
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Fig. 2. Neural responses during the sample phase: comparison to baseline
activity. (A) Example NCL neuron with significantly increased firing rate dur-
ing the sample phase. (a1) raster display; (a2) spike-density functions (SDFs).
Colors represent the six sample stimuli. Vertical dotted lines in (a2) indicate the
10th, 50th, and 90th percentiles of the distribution of leaving times, i.e. the time
of the last peck to the center key, which terminated illumination and immedi-
ately preceded the beginning of the choice response to the left and right keys.
Note that activity starts to increase over a few hundred milliseconds during the
initialisation period, i.e. before the first key peck at stimulus onset. (a3) PPTH
(black bars) depicting average firing rate during key pecking, along with trials
split up according to the presently presented stimulus (colors) for the same neu-
ron. SDFs were smoothed by an exponentially modified Gaussian kernel with
s = 100 ms and r = 100 ms. (B) As in (A), but for a neuron with significantly
decreased firing rate during the sample phase. (C) Distribution of effect sizes
(AUROC, see Materials and methods) for 74 NCL neurons. Black bars, effect
sizes for all neurons; gray bars, statistically significant neurons only.
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to key pecking, and firing rates were maximal at around 50 ms after
the pigeon’s beak hit the key; in contrast, the neuron in Fig. 2B was
silent during key pecking. Neither neuron displayed differential
activity for the six sample stimuli (colored lines). We quantified the
degree of overall firing rate modulation (sample phase vs. ITI) using
the AUROC (see Materials and methods). As is visible in Fig. 2C,
there was a smooth distribution of effect sizes, indicating no obvious
subdivision of modulated and non-modulated neurons.
In principle, such changes in firing rate could be brought about

by (i) the animals’ motor activity (recall that pigeons were key
pecking throughout the sample phase) or (ii) presentation of the
visual stimuli. To investigate to what extent NCL neurons showed
motor-related activity, we conducted two separate analyses. First,
we compared the firing rates during the 65 ms before the first key
peck to the initialisation stimulus with the period from 130 to
65 ms before this event (because the forward thrust phase of a
key peck lasts for about 65 ms) (Goodale, 1983). There were
seven out of 74 neurons (9%) in which spike counts in the two
time windows differed significantly (signed-rank test; for one neu-
ron, center key pecks were not recorded), and all of them
increased firing rates during the forward thrust. However, the mag-
nitude of these spike count increases was generally small (most
extreme AUROC value, 0.59).
Second, we examined the firing rates around pecks during the

sample phase using the Chi-squared test (see Materials and meth-
ods). This analysis identified 20/74 (27%) neurons with motor-
related firing rate modulation. This analysis is more sensitive than
the previous one because it can detect modulations that do not result
in a net change of firing rate. Only five of these 20 neurons dis-
played both a significant overall activity increase during the sample
phase and significant modulation of the PPTH (an example is shown
in Fig. 2A). In conclusion, more than half of the 56 neurons that
showed significant increases or decreases in firing rate during the
sample phase did not show response modulation associated with
obvious aspects of motor activity and were thus presumably acti-
vated or deactivated by the presentation of the sample stimuli.
So far, we have only addressed the question of whether NCL neu-

rons showed a general increase or decrease in firing during sample
presentation, irrespective of stimulus identity. However, if the NCL
were involved in decision formation or response selection, one
would expect to find neurons whose firing rates differ across stimuli
(henceforth dubbed ‘stimulus-related modulation’). Indeed, we found
that 15 of 75 neurons (20%) showed substantial stimulus-related
modulations of firing rate (P < 0.05, Kruskal–Wallis test). Fig-
ure 3A and B shows two example neurons that fired differentially
for the grayscale stimuli. Generally, differential activity emerged at
about 100–300 ms after stimulus onset (Fig. 3a1, a2 and b1, b2).
Importantly, the pace at which neural activity began to increase or
decrease from baseline level was determined by the signed distance
of the sample stimulus from the category boundary, being higher for
easy stimuli of one particular response category (compare, e.g. S1
vs. S3 and S4 vs. S6). Moreover, when aligned to the confirmation
response that immediately preceded choice execution (Fig. 3a3, a4
and b3, b4), it is evident that neural activity continued to differenti-
ate the stimuli until the time of choice onset, which was on average
500 ms after the sample stimuli were turned off (cf. depiction of
task flow in Fig. 1A and dashed vertical lines in Fig. 3a2 and b2).
This stimulus-related modulation could not be attributed to the
minor variations in pecking frequency (Fig. 1B and C), as neural
activity continued to differentiate between the stimuli when aligned
relative to individual key pecks (Fig. 3a6 and b6; P < 0.05, Krus-
kal–Wallis test).

Inspection revealed that all of the 15 neurons with significant
stimulus-related modulations exhibited a pattern of nearly monotoni-
cally increasing or decreasing activity changes (in about equal pro-
portions) with stimulus luminance. Importantly, most of these
neurons (11/15) fulfilled the additional constraint that activity should
significantly differ between stimuli when controlling for the rate of
key pecking (as in Fig. 3a6 and b6). Thus, these neurons could, for
example, code the brightness of the visual stimuli, or a motor plan
for leftwards or rightwards movements after stimulus presentation.
To separate sensory- and motor-related activity, we constructed
spike-density functions separately for correct and error trials for the
two stimuli closest to the category boundary for which the most
error trials were recorded (> 10 trials per condition). For the neuron
in Fig. 3a5, neural activity in correct S3 and incorrect S4 trials, as
well as in correct S4 and incorrect S3 trials, was similar, demon-
strating that firing reflected the animal’s subsequent choice rather
than the visual stimuli. This pattern was somewhat less clear for the
neuron shown in Fig. 3b5. Nonetheless, averaging across all 11 neu-
rons with sufficient numbers of error trials revealed that this subset
of cells reflected the subsequently executed operant response rather
than the brightness of the previously seen stimuli (Fig. 3C). Average
firing rates in the 400 ms preceding confirmation were significantly
different between correct and incorrect S3 trials, on the one hand, as
well as correct and incorrect S4 trials, on the other hand (Wilcoxon
signed-rank test, P-values < 0.05), signifying that identical stimuli
(when followed by different behavioral responses) gave rise to dif-
ferent neural activity in correct and error trials. At the same time,
neural activity did not differ significantly between correct S3 and
incorrect S4 trials, as well as correct S4 and incorrect S3 trials (dif-
ferent stimuli followed by the same choice responses).
We quantified the degree to which neural responses predicted

upcoming choices with a PI previously used by Shadlen & New-
some (2001). The PI denotes the probability that an ideal observer
correctly predicts the upcoming leftwards or rightwards choice of
the animal on the basis of a spike count comparison during a
250 ms epoch (see Materials and methods). Figure 4A–C shows the
PI as a function of time, computed in steps of 50 ms and for three
different pairs of stimuli. For both example cells (Fig. 4A and B,
the same units as in Fig. 3A and B) as well as across the subset of
modulated neurons (Fig. 4C), the PI increased more steeply for easy
(S1 vs. S6) than for difficult (S3 vs. S4) discriminations and reached
higher values toward the end of the stimulus period. To assess the
statistical significance of this effect, we compared regression slopes
for the PI values in the first 400 ms after stimulus onset. Regression
slopes increased with decreasing stimulus difficulty [slopes for PI
vs. time (s) were 0.095, 0.171 and 0.262 for S3 vs. S4, S2 vs. S5,
and S1 vs. S6, respectively] and each slope was significantly differ-
ent from the other two slopes (all P-values < 0.05, z-test).
The response pattern of these units resembled that of neurons

recorded in macaque lateral intraparietal cortex and PFC in similar
tasks (Kim & Shadlen, 1999; Shadlen & Newsome, 2001). These
patterns are commonly interpreted to reflect the sensory evidence in
favor of one of two distinct response categories (Gold & Shadlen,
2007). Importantly, the stimuli used in these studies (random-dot
patterns in which only a fraction of dots moves coherently in one of
two directions) differed from ours in an important respect, namely
that subjects have to integrate motion information over time to form
their decision; accordingly, performance improves with increasing
stimulus presentation time. By contrast, our subjects were con-
fronted with six different shades of gray whose luminance remained
unchanged during the sample phase, so that, at least in principle, no
integration of sensory evidence was necessary. In order to see
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whether the psychophysical performance of subjects improved with
increasing stimulus presentation times, we subjected two well-
trained unimplanted animals to the same task as the other subjects,
while additionally varying stimulus presentation times pseudoran-
domly within experimental sessions. As Fig. 4D shows, the psycho-
physical performance increased monotonically with stimulus

presentation times from 0.1 to 1.0 s; this effect was highly signifi-
cant for both birds (Chi-squared test; both P-values < 10�75). More-
over, the time course of the performance increase (roughly 100–
400 ms) resembled that of the PI (Fig. 3C). We concluded that our
subjects did indeed integrate sensory information over time, even
though the stimuli themselves were unchanging.
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To summarise, 80% of NCL neurons changed firing rate during
the sample phase when the animal had to form its decision. The
majority of neurons (46/75, 61%) showed an overall activity

increase or decrease independent of stimulus identity, whereas 15
neurons (20%) fired differentially for the six sample stimuli and pre-
dicted the upcoming choice response. Incidentally, the prevalence of
neurons preferring leftwards and rightwards responses was similar in
both hemispheres.

Choice phase

The choice phase was defined as the time period starting from the
‘confirmation’ key peck that terminated illumination of the center
key (‘leaving time’) to the first subsequent key peck registered at
either of the two choice keys (see Fig. 1A). Figure 5A and B shows
spike-density functions of two example neurons preferring right-
wards and leftwards movement, respectively. These neurons started
to differentiate movement directions after the animal left the center
key (dotted vertical lines in Fig. 5a2 and b2) and continued to do so
until the animal pecked at the respective choice key (time 0). Over-
all, 59/75 neurons (79%) showed significant activity changes during
choice compared with spontaneous activity, with 27 neurons increas-
ing and 32 neurons reducing activity (P < 0.05, Kruskal–Wallis test;
Fig. 5C). Moreover, 30/75 neurons (40%) differentiated between
leftwards and rightwards movements, with 20 neurons firing more
for leftwards and 10 neurons firing more for rightwards movements
(P < 0.05, Kruskal–Wallis test; Fig. 5D). Neurons preferring left-
wards and rightwards responses were distributed roughly equally
across the two hemispheres. Again, effect sizes were smoothly dis-
tributed, indicating no clear demarcated neural subclasses. Compari-
son of neural activity on correct and error trials in the manner
conducted for the sample phase revealed significant differences
between all conditions that entailed different choice directions (Wil-
coxon signed-rank test, P < 0.05, n = 21), but no significant differ-
ences when choice directions were identical, regardless of whether
these responses were correct or incorrect (Fig. 5E). This indicates
that neural activity in this subsample of neurons solely represented
motor activity without any information on either the luminance of
the preceding stimulus or whether the currently executed choice was
correct.

Outcome phase

The outcome phase was defined as the time period starting from the
key peck registered at one of the two choice keys and ending with
either the offset of the feeder light (correct trials, concurrent with
the offset of the food hopper when food was delivered) or the offset
of the time-out punishment interval (incorrect trials). Also, 66 out of
the 75 neurons were tested with occasional free rewards delivered
during the ITI; the same neurons were tested with a delay period
between correct choice key response and reward delivery (see Mate-
rials and methods). This delay was introduced in order to more
clearly separate the sensory and motor events of the choice phase
and those of the outcome phase. Importantly, reward delivery
became increasingly unlikely over time; the overall reward probabil-
ity for correct choices was only 0.4, and the timing of reward deliv-
ery was deliberately left uncertain, occurring after 1, 2, or 3 s of
waiting with probabilities of 0.5, 0.33, and 0.17, respectively. This
manipulation was conducted in order to test whether NCL neural fir-
ing rates might convey a surprise signal or a reward prediction error,
as hinted at previously (Kirsch et al., 2009).
Figure 6A shows an example neuron firing vividly during reward

presentation, regardless of whether the reward followed a correct
choice (blue) or was given unexpectedly during the ITI (blue or
green, respectively) (see Fig. 6a1 and a2). Following a correct
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choice, the cell’s activity peaked briefly when the feeder light was
turned on, then declined and increased again immediately after food
hopper activation (Fig. 6a3). However, this neuron’s response
pattern was not consistent with coding for a reward prediction error;
free food was more unexpected than food at the end of the trials,
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and food delivery became increasingly unlikely after 1, 2, and 3 s
of waiting in the outcome phase, but still neural responses were no
different in these cases.
The cell shown in Fig. 6B increased firing in response to time-out

punishment (red in Fig. 6b1 and b2). Responding to reward was
weak. Similar to the neuron in Fig. 6A, this cell’s activity peaked
shortly after feeder light onset, at the beginning of the delay period
(Fig. 6b3).
In total, 54/75 (72%) neurons showed significant activity

changes during the outcome phase, with 25 neurons increasing and
29 neurons decreasing activity relative to baseline firing (P < 0.05,
Kruskal–Wallis test; Fig. 6C contrasting responses to both reward
and punishment against spontaneous activity). Furthermore, 50/75
neurons (67%) were differentially modulated during the outcome
phase, i.e. their activity differed between reward and punishment
events (comparing spike counts within 0.1 s with 1.75 s after
event onset). Comparison of firing rates during each outcome event
with baseline firing revealed that, of 75 neurons, 58 changed firing
during reward presentation (29 neurons increasing and 29 neurons
decreasing activity), and 37 changed firing during punishment (27
increasing, 10 decreasing firing). Effect sizes (AUROC) were gen-
erally larger for reward than for punishment. Thus, NCL neurons
were responsive to both kinds of choice outcomes tested in this
study, but were more sensitive for reward presentation. Again,
effect sizes were unimodally and continuously distributed (Fig. 6C
and D).
Only 6/66 neurons (9%) differentiated between rewards delivered

after different stimuli (P < 0.05, Kruskal–Wallis test), and only
four of these reached moderately sized g2 values (i.e.
0.1 < g2 < 0.2). In a similar vein, only 8/65 neurons showed
graded firing during reward presentation after 1, 2, or 3 s of delay.
Again, effect sizes were very small, with only one neuron exhibit-
ing g2 > 0.1. However, 18/66 (27%) neurons differentiated between
free rewards and rewards delivered after correct choices, with 15 of
those firing more for unexpected rewards (see distribution of effect
sizes in Fig. 6D and example neuron in Fig. 6E), consistent with
the notion that NCL neurons signal a positive reward prediction
error as found in monkey lateral PFC (Asaad & Eskandar, 2011) or
a surprise signal as in the anterior cingulate cortex (Roesch et al.,
2012).

Correlation of neural response properties across task phases

So far, we have discussed neural response patterns separately for
each phase of the behavioral task. In this section, we will more clo-
sely examine the neural response patterns across all task phases for
the three most prominent types of responses that we encountered: (i)
unspecific modulation in the sample phase, (ii) stimulus-specific
modulation in the sample phase, and (iii) reward modulation in the
outcome phase.

Unspecific modulation in the sample phase

As detailed above, 80% of all neurons significantly changed their
activity during key pecking in the sample phase, with the majority
of neurons decreasing firing (see Fig. 2). As most of these neurons
(60% of the total sample; henceforth dubbed peck-activation and
peck-suppression units) did not fire differentially for the sample
stimuli, it is tempting to speculate that they were involved in senso-
rimotor processes associated with key pecking. Because pecking to
the response key is similar to pecking to consume the reward
(Jenkins & Moore, 1973; Allan & Zeigler, 1994), it would be

expected that many neurons would show the same behavior in both
task phases (either increasing or decreasing their activity in both the
sample and reward phases). Indeed, this is what we observed; there
were positive correlations both between the AUROC values for the
sample phase (Fig. 2C) and the AUROC values for (i) reward pre-
sentation (r = 0.31, P < 0.01, n = 75) and also (ii) choice response
execution (Fig. 5C; r = 0.52, P < 0.01, n = 75). Put differently,
peck-activation units tended to increase firing both during choice
movements and during feeding, and the converse pattern held for
peck-suppression units. This finding is consistent with the notion
that many NCL neurons are involved in sensorimotor processing
during response execution.

Differential activity modulation during sample presentation

Perhaps the most interesting NCL response profile is that shown in
Fig. 3 because these neurons did not only differentiate between sam-
ple stimuli, but did so even well after the sample stimuli had been
turned off, precluding the interpretation that these neurons were dri-
ven purely by sensory input. Indeed, 12 of the 15 neurons with sig-
nificant differential modulation also showed significant modulation
during the choice phase, and 7/15 neurons differentiated signifi-
cantly between movement directions. Importantly, AUROC values
for the distributions of spike counts for category C1 vs. C2 during
the sample phase were positively correlated with the AUROC values
in the choice phase, i.e. neurons firing more for category C1 stimuli
(dark, requiring responding to the right choice key) also tended to
fire more during rightwards motion in the choice phase, and vice
versa (r = 0.56, P = 0.03, n = 15).

Reward modulation

Probably the most frequently found type of NCL neural response
is that of either strong activation or suppression during reward pre-
sentation (Kalt et al., 1999; Kirsch et al., 2009; Koenen et al.,
2013; Starosta et al., 2013). Indeed, 58/75 neurons in our sample
significantly changed their activity during reward presentation. As
noted in the previous section, it could be that this modulation of
activity is related to sensorimotor events accompanying reward con-
sumption, such as the individual pecking movements towards the
grain kernels. As the pecking movements associated with grain
consumption are comparable to those emitted towards a visual
stimulus predicting food reinforcement (see above), we asked
whether the degree of modulation by reward relative to baseline fir-
ing was correlated with key pecking during the sample phase.
Indeed, 48/58 reward neurons were modulated during the sample
phase relative to baseline firing, and the correlation between the
AUROC effect sizes for the sample phase and reward presentation
was 0.31 (same analysis as in previous section). Taken together,
these results indicate that neural activity changes during reward
were partly due to sensorimotor features associated with pecking
movements.

Histology

Figure 7 shows coronal slices of the pigeon brain adapted from the
stereotaxic atlas of Karten & Hodos (1967), with estimated positions
of the electrode tracks superimposed. The brain of one animal (bird
919) was damaged during extraction, and electrode tracks could not
be recovered with certainty. For all other birds, the cannula tracks
were found to be situated within the borders of the NCL as defined
by Herold et al. (2011).
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Discussion

As hypothesised on the basis of previous findings, we found that the
NCL is involved in perceptual decision making, as demonstrated by
the modulation of neural firing rates across all phases of the psycho-
physical task. Whereas many neurons unspecifically increased or
decreased firing during stimulus presentation, a subset of neurons
fired differentially for the sample stimuli and signaled the upcoming
choice response. In addition, most NCL neurons responded to
reward delivery, and several of these fired more for unexpected than
expected reward. In the following, we will discuss these findings
one by one.

Sensorimotor-related activity

Whereas studies in head-fixed pigeons found only very few neurons
with motor-related response modulation (Kalt et al., 1999; Kirsch
et al., 2009), the present study and another recent study with freely
moving pigeons (Starosta et al., 2013) suggest that a much larger
fraction of NCL neurons is involved in sensorimotor processing than
previously thought. One explanation for the paucity of sensorimotor-
related activity found in head-fixed preparations may be the limited
range of movements that subjects could execute in that situation
(using beak openings as operant responses). It is striking that peck-
activation and peck-suppression units (descriptive labels taken to
highlight that these neurons changed firing during sample presenta-
tion irrespective of the stimulus identity) made up 60% of our total
sample. In addition, these neurons responded similarly during key
pecking and reward consumption, and it has been shown that condi-
tioned pecking to visual stimuli predicting food is similar to pecking

to the food itself (Brown & Jenkins, 1968; Allan & Zeigler, 1994).
Accordingly, these two types of neurons could represent sensorimo-
tor aspects of pecking movements – either part of the motor com-
mand for key pecking or kinesthetic (trigeminal) feedback (Bermejo
& Zeigler, 1999).
Alternatively, peck-activation and peck-suppression neurons could

represent specific actions that are executed or inhibited, respectively.
We frequently observed phasic activity peaks following the registra-
tion of the choice response, i.e. during a delay period that intervened
between choice and subsequent reward delivery (see Fig. 6A and B
for examples). Neurons in the macaque PFC exhibit similar activity
peaks signifying the end of a sequence of saccadic eye movements
(Fujii & Graybiel, 2003). Indeed, transient inactivation of the NCL
results in circumscribed deficits in the initiation and execution of
cue-guided action sequences (Helduser & G€unt€urk€un, 2012), raising
the interesting possibility that the peaks that we observed represent
a similar signal.

Differential activity in the sample phase

The neurons whose responses were differentially modulated by the
stimuli showed nearly monotonic increases or decreases in firing rate
as a function of stimulus luminance. Additional analyses revealed
that these activity patterns were predictive of the response direction
in the subsequent choice phase. Thus, these neurons seem to convey
a motor plan for the execution of leftwards or rightwards head
movements, rather than representing stimulus luminance. The inter-
pretation that these neurons are involved in action planning reso-
nates well with several previous results: (i) temporary blockade of
N-methyl-D-aspartate receptors in the NCL results in impaired
response selection in matching-to-sample tasks (Lissek &
G€unt€urk€un, 2004, 2005), (ii) transient inactivation of the NCL
through tetrodotoxin leads to an overall suppression of operant
behavior (Lengersdorf et al., 2014) and (iii) impairs the execution
of learned action sequences, leading to both action omission and
action perseveration without impairment of visuomotor performance
(Helduser & G€unt€urk€un, 2012).
At the same time, the NCL response patterns during the sample

phase resembled those found in the lateral intraparietal and dorsolat-
eral PFC of monkeys in saccadic choice tasks (see Figs 3 and 4;
compare, e.g. with Kim & Shadlen, 1999; Shadlen & Newsome,
2001). In both the NCL and cortex, neural firing rates ramp up dur-
ing stimulus presentation and then stay at a constant level until a
choice response is initiated. Importantly, the slope of the firing rate
increase is determined by the difficulty of the decision, being steep
for easy and shallow for difficult sample stimuli. Such response pat-
terns are predicted by a class of sequential-sampling models (Smith
& Ratcliff, 2004). Put simply, these models assume that, during
stimulus presentation, noisy sensory information (‘evidence’) is inte-
grated over time until sufficient evidence has accumulated to deter-
mine which of several possible stimulus classes is presented; at that
time, an appropriate choice response is initiated. The trajectory of
evidence integration posited by these models bears close resem-
blance to the patterns of neural firing in the cortex of non-human
primates performing visual discrimination tasks (Gold & Shadlen,
2007). To our knowledge, this study is the first to demonstrate simi-
lar neural response patterns in a species other than monkeys, testify-
ing to the power and generality of these models across different
species. Accordingly, it will be important to further explore the
degree to which NCL neural firing rates reflect evidence accumula-
tion for a particular action, e.g. by employing reaction-time tasks
and microstimulation (Hanks et al., 2006).
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Reward coding

Our task included systematic manipulations of subjective reward
probability during the outcome phase, which enabled us to test
whether NCL neurons signal a reward prediction error or surprise
signal as found, for example, in monkey dorsolateral prefrontal and
anterior cingulate cortex, respectively (Asaad & Eskandar, 2011;
Roesch et al., 2012). Although very few neurons (9%) differentiated
between rewards delivered at different time points with different
probabilities, we found that 18/66 (27%) neurons fired differentially
for expected and unexpected reward, with the majority of neurons
(15) firing more for unexpected rewards. This suggests that NCL
neurons do not bluntly respond to reward delivery but may represent
more elaborate reward properties, such as the degree to which its
occurrence was expected, which constitutes an important factor in
animal learning theory (Rescorla & Wagner, 1972).

Comparing the nidopallium caudolaterale and prefrontal cortex
at the single-neuron level

We have highlighted several phenomenological similarities of NCL
and PFC single-neuron response profiles. Above and beyond these
findings, there exist further parallels of NCL and orbitofrontal cortex
response patterns in a very similar paradigm employing rats (Feier-
stein et al., 2006). First, a minor fraction of neurons (~20%) in both
structures predicted choice direction before choice initiation; second,
a major fraction of neurons (~70%) was modulated during the out-
come period; and third, more neurons increased firing for negative
outcomes [orbitofrontal cortex, reward omission; NCL, reward omis-
sion, punishment; also see Starosta et al. (2013)] than for positive
outcomes (reward presentation).
Comparative research involving non-mammalian species is con-

ducted mostly at the levels of gross neuroanatomy, cytoarchitecton-
ics, and connectivity (Striedter et al., 2014). There exists very little
research comparing the implementation of particular behavioral
functions at the level of single-neuron spiking activity. Moreover,
investigations of the response properties of single neurons during
behavioral performance in amphibians, reptiles and fish are virtually
non-existent, and such data are sparse even for birds. In the case of
the NCL, available evidence suggests an astonishing degree of phe-
nomenological similarity to the PFC at the single-neuron level
(Diekamp et al., 2002b; Veit & Nieder, 2013; present study), even
though these structures are not homologous and are very different in
terms of cytoarchitectonics (nuclear vs. layered, respectively).
Although an earlier study from our laboratory suggests a subdivision
between the ventral and dorsal NCL (Diekamp et al., 2002b), it is
not known whether these or any other subdivisions of the NCL cor-
respond to subdivisions of the PFC. Also, we did not find any obvi-
ous segregation of neural response properties. Importantly, the NCL
and PFC are neither homologous nor similar in terms of their neural
architecture but seem to constitute a case of evolutionary conver-
gence (G€unt€urk€un, 2012), so there is no particular reason to assume
that any subdivisions of the mammalian PFC map correspond one-
to-one to subdivisions of the avian NCL.
The picture of the NCL emerging from this study is that of a

structure concerned with response selection and response execution.
Moreover, our data show that the notion of functional equivalence
of the NCL and PFC, up to now based largely on lesion studies (but
see Diekamp et al., 2002b), extends to the level of single-neuron
response profiles. Disentangling the contributions of sensorimotor
and cognitive variables to NCL neural responses will be crucial to
further constrain hypotheses on the precise function of this structure

as well as its relation to subdivisions of the mammalian PFC (Wise,
2008; Herold et al., 2011).
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